Whispering-gallery-mode (WGM) micro-cavities have been intensively investigated in a wide range of areas for both fundamental physics and practical applications. The ultra-high quality (Q) factors and ultra-small mode volumes make WGM micro-cavities ideal platforms for ultra-sensitive optical sensing, strongly enhanced nonlinear optics, cavity QED, optomechanics, and micro-scale optical frequency comb 
strongly enhanced nonlinear optics, cavity QED, optomechanics, and micro-scale optical frequency comb [1] [2] [3] [4] [5] . However, one major obstacle halting the practical implementations in these applications is the lack of tunability for fixed microstructures unlike their bigger-scale opponents, i.e. Fabry-Pérot cavities. For example, WGMs have to be finely tuned to closely match with atomic lines in cavity QED [6] ; dual-comb spectroscopy requires precision scanning of optical comb lines [7] ; tunable microwave generation from SBS enabled sources also poses a great demand for tunability [8] . Previously, various approaches have been demonstrated to tune WGM resonances mainly through thermal, mechanical, electrical and optical means [9] [10] [11] [12] . Active thermal tuning through thermo-optic effect can be easily implemented for a wide tuning range. For example, WGM shift of 160 pm can be achieved in a temperature change of 10 K for a silica microsphere [13] . Mechanically, compressing or stretching of micro-cavities by external piezoelectric components has been widely reported to even cover a whole free spectral range (FSR) tuning [10, 14] . Besides, On-chip carrier injection method for tuning and modulation, however, only works for specific semiconductor like silicon [15] . However, integration of these active tuning elements remains difficult.
Among the above methods, thermo-optic tuning of WGMs is one of the popular methods for the resonance tuning. Thermo-optic tuning based on electrical heating has exhibited a tuning rate excess 85 GHz/V 2 over a 300 GHz range for microtoroid [16] ; similarly, silicon photonic micro-disks can also be tuned by heating the graphene covered surface [17] , or just through the heat-pad nearby [18] ; laser or optical induced heating can also be applied to thermal tuning, either through microcavities' intrinsic material absorption, e.g. by a CO2 laser [19] , or by attaching special light absorbers, nanoparticles to the surfaces [20, 21] during light illumination. However, all the above methods have to rely on active external sources, i.e. electric, light or heat and complex structures, which makes them inconvenient to implement.
Here, we demonstrate a passive mechanism to achieve extremely fine-tuning at MHz level of WGM resonances through thermal optical effect only using an external probe. The probe servers as a heat sink to dissipate absorbed heat from an optical microcavity, tuning its resonances by altering temperature inside.
Such heat transfer based tuning scheme highly depends on the gap spacing as well as probes' materials.
We can achieve up to a 300 MHz spanning range at MHz resolution by fine positioning a silica fiber probe within 500 µm distance. We also found out a better tuning efficiency by a metallic cupper probe with a larger thermal conductance. Moreover, by applying this new technique, we show that a tunable optical frequency comb with a variable family comb lines can be generated, which is hard to achieve previously by laser pumping or detuning. In addition, we demonstrate a tunable microwave frequency source based on cavity-enabled backward stimulated Brillouin scattering by this new tuning scheme. Unlike previous active methods, the current precise method is passive and heat-source free, it should be generally applicable for microcavity based applications, opening a new avenue for important applications like spectroscopy and frequency synthesis. In a common thermal tuning WGM scheme, the thermal effect induces the temperature-dependent resonance frequency shift ∆ from the refractive index n and the diameter D variations in a fused silica microsphere, as shown below [22] :
where 0 = / 0 is the cold microcavity resonant frequency at 0 = 293.15 K , and = 1.46 is the refractive index of fused silica for 0 = 1550 nm. = ⁄ 8.52 × 10 −6 K −1 [23] and ⁄ = 0.55 × 10 −6 K −1 [24] are thermo-optic coefficient and thermal expansion coefficient, respectively, which indicates the major contribution is from the thermo-optic effect. For a silica microsphere, the temperature change ∆ is caused by the absorption of the resonant optical power coupled into the microcavity, such that the input heat will equal the outgoing heat flow, i.e. ∆ at thermal equilibrium:
where
is the effective absolute thermal conductivity contributed from the surrounding air, microsphere's structure as well as supporting pillar [25, 26] . From this perspective, if we purposely alter a microcavity's by modifying its surround medium, structures or even supporting pillar, we may achieve a passive method without additional heating sources to change the internal temperature of the microcavity, effectively tuning the resonances. For a Cu probe, a similar trend can be observed while with a larger amplitude: the maximum ∆ − is −0.35K achieved at = 5 μm , proving the Cu probe as a better heat sink for its larger thermal conductivity. More insights can be seen from the insets in Fig. 2(a) which show the temperature map of the microcavity system. Clearly, the Cu probe is warmer in a closer distance dissipating heat more efficiently. Indeed, the gap spacing plays a key role to dominant the heating transfer process in such microstructures.
As a comparison, the experimental results in Fig. 2 respectively. These results validate the thermal origin of such fine-tuning mechanism in our microcavity system. As a proof of principle; two representative nonlinear optical applications will be shown below.
FIG. 3. Fine tuning of optical frequency comb generation. The evolution of frequency comb generation spectrum as the fiber probe approaches to the microsphere. Different OFC families can be chosen by adjusting the gap distance.
We will demonstrate tunable optical frequency comb (OFC) generation and backward stimulated Brillouin scattering (SBS) in the WGM micro-cavity now. Both of the effects are of significance in fundamental science and realistic applications. The feasibility of a WGM based microcavity for fine tuning of frequency comb generation and backward SBS based on such thermal effect is thus demonstrated. In our frequency comb generation, an intense input power (10 mW in our experiment) is injected into the microcavity. The experimental conditions are the same with the aforementioned experiment. The thermal locking is utilized to lock the laser frequency in the WGM resonance. The frequency comb generation in WGM micro-cavities are usually controlled by detuning the pump frequency. It should be noted that the laser frequency (1550.44 nm) is locked to a WGM resonance to generate the frequency comb throughout the tuning process. During the experiment, the fiber tip is firstly placed in the vicinity of the microsphere, such as, with a gap distance of 50 μm. The condition is found by slowly scanning the laser frequency until the frequency comb is generated. Then, the switching of different OFC families is realized by changing the gap distance between the microsphere and the fiber tip. As shown in Fig. 3 , the fine tunability of the comb lines is obvious, which proves the feasibility of our scheme. We also demonstrate the tunability of SBS frequency in the WGM micro-cavity. Backward SBS phenomena in WGM micro-resonators are the fundamental phenomenon for ultra-narrow linewidth lasers close to quantum limits. The method we proposed may be useful in achieving finely tunable SBS lasers.
In the backward SBS experiment, the microsphere diameter is enlarged to approximately 700 μm (by fusing multiple times) to encourage the generation of SBS and also to show the universal applicability of the method. The backward SBS occurs at two optical WGMs separated in frequency exactly by that of the phonon, which has a gain bandwidth of dozens of MHz [28] . They belong to different mode orders (different mode families). The induced frequency shift is therefore slightly different for the two modes.
Hence the variation of frequency shift incurs a minute change in the SBS frequency. Fig. 4(a) shows the spectrum of the observed first-order SBS with a pumping power of 5 mW. Careful control is made to ensure higher orders of SBS are not excited. The spectral resolution is 0.01 nm. An SBS frequency of 10.820 GHz is observed when the fiber tip is not introduced, which increases as the fiber tip approaches the microsphere. A tuning span of SBS frequency of about 5.6 MHz is achieved in the experiment as shown in Fig. 4(b) . The linewidth at FWHM is approximately 30 kHz. The SBS frequency shift shows a nearly linear dependence on the gap distance as shown in Fig. 4(c) . Experimental tests have also been
conducted at different resonances, showing different frequency shift span. Spans from 2~10 MHz were the most often observed using microspheres with radius from 250 to 700μm
In conclusion, we have demonstrated a new method for fine tuning of WGM frequency in silica microspheres, using the passive thermal dissipation. Up to 300MHz mode frequency shift are obtained by the fiber probe tip with a MHz resolution. Tuning process is directly related to the gap distance and the materials of the probe tips. With the fine-tuning capability, optical frequency comb generation and backward SBS in the micro-cavities can be precisely tuned. The scheme opens new avenue for microcavity applications in nonlinear optics. 
